Flexural tests on full-scale I-section beams built up from Q460 and Q890 high strength steel subjected to uniform moment about their major axis were carried out in this article to investigate the effects of geometric and material properties on the local buckling behavior. Failure modes, load-displacement responses, load-strain curves, critical local buckling loads, ultimate resistances, and rotation capacities of the specimens were studied. Then the test results were compared with the design results from current specifications to examine the appropriateness of extrapolating current design method to high strength steel flexural member. Three-dimensional finite element models were established and validated against the experimental results accounting for material nonlinearity, initial geometric imperfections, and welding-induced residual stresses. A parametric study was performed using the validated finite element model, which revealed the variation of normalized ultimate moment with interactive plate slenderness. And the comparisons between parametric analysis results, test results, and design results from ANSI/AISC 360-10 and Eurocode 3 were conducted.
Introduction
Generally, structural steels with a nominal yielding strength f y ø 460 MPa are considered as high strength steels (HSSs). Recent developments and technological advances in steel-making have provided adequate HSS with improved weldability and ductility. HSS structures have demonstrated many advantages, such as less material usage, smaller earthquake response, lower energy consumption, and more environmental friendliness. Comparing to the conventional strength steel (CSS, with nominal yielding strength less than 460 MPa), HSSs exhibit two main different characteristics that may lead to different mechanical performances when applied in structures. First, the material property of HSS is different from that of CSS. Stress-strain curves of thermomechanical rolled HSS obtained from tension coupon tests present a larger ratio of yielding strength to tensile strength (f y / f u ) but without an obvious yielding plateau. Second, it is believed that the geometric imperfections and residual stresses of welded-section members fabricated from HSS have less effect on the local buckling behavior (Rasmussen and Hancock, 1992) .
Nowadays, HSS has been widely used in building and bridge structures. However, the design methods for HSS flexural members have not been adequately expressed in the current codes of practice. ANSI/AISC 360-10 (2010), Eurocode 3 (BS EN 1993 -1-12, 2007 , and AS 4100-1998 (2012) directly extended the design rules for CSS structures to HSS with yielding strength up to 690, 700, and 690 MPa, respectively.
When HSS is utilized in flexural member, the thickness of component plate can be reduced in most cases. Therefore, the width-to-thickness ratio of HSS component plates is often higher than that of CSS component plates, which means that HSS flexural members become more sensitive to their local buckling behavior. Many studies have been conducted to investigate the effects of material properties, loading conditions, configuration details, and various geometric parameters on the flexural performance of HSS members. McDermott (1969) conducted experimental research on the local and overall buckling behavior of ASTM A514 steel (f y =690MPa) I-section beams under moment gradient and uniform moment to determine the requirements and capabilities of A514 steel in plastic design. Beg and Hladnik (1996) established a more accurate slenderness limit for welded I-section beams with Class 3 cross-sections made of NIONICRAL70 steel (f y =700MPa) through experimental and numerical analysis. Barth et al. (2000) investigated the influence of material and geometric parameters on the flexural behavior of I-girders fabricated from HPS70W steel ( f y = 483 MPa) and compared the resulting moment-rotation curves with the existing theoretical results. Earls (2001) , Earls and Shah (2002) , and Thomas and Earls (2003) applied the experimentally verified nonlinear finite element (FE) modeling techniques to study the flexural behavior of HSLA552 ( f y = 552 MPa) and HPS483W ( f y = 483 MPa) steel I-section beams under uniform moment and that of HPS483W steel I-section beams under moment gradient. A series of parametric analyses confirmed that current notions of cross-section compactness and compressed flange restraining limitations may not be directly applicable to these types of HSS flexural members. Green et al. (2002) conducted an experimental and analytical research program to examine the inelastic behavior of HSLA80 steel ( f y = 550 MPa) I-section beams and identify the effect of material properties and loading condition on the rotation capacity. Lee et al. (2013) conducted flexural tests on HSB800 and HSA800 steel ( f y = 800 MPa) I-section beams to study the effect of flange slenderness on flexural strength and rotation capacity. Shokouhian and Shi (2015) tested the flexural strength of three hybrid I-section beams built up from Q345 and Q460 ( f y = 460 MPa) steels under uniform moment, and a new method to determine the moment resistance of Isection beams was proposed considering the local and overall interactive buckling. Shokouhian et al. (2016) also proposed a classification to predict buckling modes for hybrid beams and developed the design method to determine the ultimate shear-moment capacity.
Although a significant amount of research has been conducted on HSS flexural members, there is limited research involving the monitoring of local buckling load for flexural members and the appropriateness of applying the current design method to HSS flexural members directly. This article presents the experimental and analytical study on the local buckling behavior of HSS I-section beams under uniform moment. The experiments were conducted on five welded I-section beams with flanges and webs fabricated from HSS and stiffeners from CSS. The local buckling load, ultimate resistance, vertical deflection, end rotation, and plate strain of each specimen were experimentally investigated. Then the theoretical value of rotation capacity for both CSS and HSS beams was calculated. Test results were compared with the corresponding design methods in ANSI/AISC 360-10 (2010), Eurocode 3 (BS EN 1993 -1-1, 2005 , AS 4100-1998 (2012 ), AIJ LSD2010 (2010 ), and GB 50017-2003 . FE model was further developed and validated against the experimental results. Finally, a parametric analysis was carried out to identify the trends in the local buckling behavior of flexural members as impacted on by the component plate slenderness and steel nominal yielding strength.
Experimental program

Material test
A series of tension coupon tests were performed on the plate material used to fabricate the flexural members according to GB/T 228-2002 GB/T 228- (2002 . All the tension coupon tests were conducted in a 300 kN Sinter Universal Testing Machine. Each coupon was equipped with two strain gages at mid-height on both sides to measure the longitudinal strains. In addition, an extensometer attached on one side to measure the longitudinal deformation used for the calculation of strains in case the strain gages failing due to excessive plastic deformation. The stress-strain curves obtained from the tension coupon tests are shown in Figure 1 . It could be observed that the Q345 and 12-mm-thick Q460 steel specimens showed appropriate yielding strength and elongation values (see Figure 1(a) ), while 14-mm-thick Q460 and Q890 steel specimens did not have an obvious yielding plateau (see Figure 1 (b) and (c)), the yielding strength could be obtained at the plastic strain equaling to 0.2%.
Test specimens
A total of five welded I-section beam specimens were tested in this experimental program. Here, two specimens were labeled as ''I-460-1'' and ''I-460-2'' with flanges and webs fabricated from Q460 steel, and the other three were labeled as ''I-890-1,''''I-890-2,'' and ''I-890-3'' with flanges and webs fabricated from Q890 steel. The stiffeners of all the specimens were made up from Q345 steel. Table 1 lists the measured cross-section dimensions, whose notations are illustrated in Figure 3 (c). The sections of specimens are classified in Table 2 according to different codes of practice. It could be seen that the sections from different classifications were all included in this experimental program.
The cross-section properties of the test specimens were evaluated using the measured data acquired. The cross-sectional area A, elastic section modulus S x , plastic section modulus Z x , and the moment of inertia I x are given in Table 3 . The yielding moment M y is defined as equation (1) 
In general form, the plastic moment M p is defined as equation (2) 
where A f and A w are flange and web area, respectively, and f yf and f yw are average yielding stresses of flange and web, respectively. The point load P p and end rotation u p corresponding to the plastic moment for the beams under uniform moment are calculated as follows. 
where l is the length of bending and shear zone on one side.
Experimental setup
The monotonic flexural load was applied to the specimens through a 500t hydraulic jack. As illustrated in Figure 2 , the test specimens were placed on two reaction pedestals, and each pedestal had a steel block on their top surface to carry the vertical reactions of the specimen, which provided simple support condition allowing for the adequate in-plane movement of the specimen due to local buckling during the test process.
In order to properly apply uniform moment on the specimens, a load distribution beam was installed on the test specimens. The distribution beam was placed between the load jack and specimen, which would provide two equal point loads on the specimen even in the case of large deflection.
A sufficient lateral restraining system was utilized to prevent lateral-torsional buckling failure before local buckling. Considering the overall lateral imperfection of the specimens, a clear distance of 2-3 mm was reserved between the longitudinal beams and compressed flange. Due to the different flange widths of the specimens and clearance between the lateral bracing frames in this experimental program, for the beams with less width, it was required to use some filler steel plates between the longitudinal beams and lateral braces to fill the remained gap between them.
Instrumentation
The instrumentation associated with the test specimens consisted of strain gages, strain rosettes and LVDTs (linearly variable displacement transducers). These instruments were located on the specimens at specific positions to record information regarding both the local and overall beam behaviors throughout the complete loading history of the specimens. Figure 3 (a) and (b) provides the locations of the strain gages used on the specimens cross-section. Each specimen had a total of five cross-sections instrumented. Each section had five strain gages on compressed flange, one placed in the middle of upper surface and four placed in pairs of two on either side. In the uniform moment segment, Section 3 had eight strain gages placed in pairs on the web and one additional strain gage placed in the middle of lower surface of bottom flange. Section 2 had two strain gages placed in pairs on the web, which was the same as Section 4. All the strain gages and rosettes were used to monitor the onset and propagation of plate local buckling. Figure 3 (a) also provides the locations of the LVDTs used on the specimens. Ten LVDTs were used to measure the overall deflection, gap distance between equipment and end rotation.
Initial geometric imperfections
The initial geometric imperfection is induced from the manufacturing process, which is believed to have an unfavorable effect on the local buckling behavior of flexural members. In this test, the local imperfections of the specimens at Section 1;5 were measured using the tool designed by Yuan et al. (2014) which involved a LVDT, driven by a calibrated electric guideway at a constant rate (2 mm/s), to derive continuous imperfection distributions across the sections(see Figure 4 (a)). The averages of the measured values from these sections of each specimen are summarized in Table 4, 
Experimental results
Failure mode
The failure modes are summarized in Figure 5 . All the specimens failed due to local buckling of component plates in the uniform moment segment. For Specimen I-460-1 and Specimen I-460-2, the deformed shape was a complete wave in both flange and web along the longitudinal direction. But for Specimen I-890-1, Specimen I-890-2, and Specimen I-890-3, it was a half wave because of shorter span. In addition, the stiffeners of Specimen I-890-3 in the loading positions buckled in the vertical direction. The maximum deformation of local buckling occurred at the monitored sections for most specimens. Therefore, the strain readings obtained by strain gages and rosettes could reflect the strain distribution of the local buckling section to some extent.
Load-displacement and load-strain curves
The load-midspan displacement curves of test specimens are shown in Figure 6 . Comparing the two groups of curves, it was found that the slope absolute values of ascent and decline stage for the loaddisplacement curves were larger for the specimens with larger plate slenderness. When the specimens behaved in elastic level, the slope of ascent stage was governed by the section stiffness. The slope of decline stage reflected the influence of local buckling on the unloading of specimens. Obviously, this influence was more evident when the plate slenderness was higher. Figure 7 shows the results of strain gages at the center of top and bottom flanges as a function of point load for test specimens. According to the designation of strain gages in Figure 3 , the gages at the center of top and bottom flanges (SG3-3 and SG3-14) provided information on the spread of plasticity and the location change of the beam section neutral axis. As it can be seen, strain curves in flanges demonstrate a linear trend ending before 0.9P p and 0.6P p for Q460 and Q890 specimens, respectively. On the other hand, the strain gages show different responses for tension and compression flanges. Obviously, this difference can adjust the neutral axis in the section and it may be caused by plate local buckling. Since the locations where strain gages and rosettes were attached did not buckle conspicuously, the critical local buckling loads for Q460 specimens were not captured in this test.
Local buckling load
To determine the local buckling strength of plate, two methods have been normally used. Method 1 called ''the top of the knee method'' (Nishino et al., 1967) quantifies the local buckling load, which is essentially the load corresponding to the knee (i.e. the turning point) of the experimental load-lateral displacement curve. And Method 2 called ''the maximum mid- surface strain method'' (Tillman and Williams, 1989) obtains the local buckling load, which is defined through the load-strain curve where the mid-surface strain (i.e. the strain at the mid-thickness of the plate) at the convex point of the buckling wave reaches the maximum value. According to Hu et al. (1946) , the artificial deviation of Method 1 was more evident and the results determined by Method 1 was more sensitive to initial imperfection of plates compared with Method 2. In this study, the results of local buckling loads were mainly obtained through Method 2, which were further verified by Method 1. The local buckling loads (F cr ) of Q890 specimens are listed in Table 5 , where the local buckling stress (s cr ), which is represented by the bending compressive stress at the edge of the web, is calculated using equation (5) 
Since the local buckling of web occurred first, the local buckling stress of flange s crf was calculated approximately, ignoring the impact of web local buckling on the location of the neutral axis and the effective second moment of area. As shown in Table 5 , the stress ratio s cr /f y decreased with an increase of width-to-thickness ratio. For specimens with relatively high width-to-thickness ratios, the local buckling stress s cr was much smaller than the corresponding yielding strength f y , indicating that those plates would easily buckle locally and weakened the ultimate resistance of specimens.
Ultimate resistance
The experimentally measured ultimate moment M u , and the comparison with yielding moment My and plastic moment M p are listed in Table 6 for all the specimens. Ultimate stress s u was calculated for Q890 specimens by equation (6), which is the similar to equation (5) in form.
As shown in Table 6 , it was found that the ultimate moments of Specimen I-460-1 and Specimen I-460-2 were higher than the corresponding plastic moment, indicating that the specimen cross-sections could form plastic hinges. For Q890 specimens, the ultimate moment of Specimen I-890-1 was higher than the yielding moment but lower than the plastic moment, which demonstrated that the stress in the edges of section for the flexural member assuming an elastic distribution of stresses could reach the steel yielding strength. And the ultimate moments of Specimen I-890-2 and Specimen I-890-3 were lower than the corresponding yielding moments, which provided evidence that the specimens failed due to elastic local buckling. Combined with the classification results in Table 2 , it could be found that the classification in AIJ LSD 2010 was more suitable for the HSS specimens. Moreover, the stress ratios s u / f y and s cr /s u listed in Table 6 for Q890 specimens decreased with an increase of width-to-thickness ratios. This implies that utilization rate of steel strength decreased due to local buckling but the post-buckling strength of specimens increased for slender crosssection specimens.
To investigate the applicability of current design formula for ultimate resistance (originally developed for CSS) to HSS, the comparisons between the ultimate moments in this tests and the corresponding design results from GB 50017-2003, ANSI/AISC 360-10, Eurocode 3, AS 4100-1998, and AIJ LSD2010 were conducted. In GB 50017-2003, the values of width-tothickness ratio for flange of I-section flexural member are limited to prevent the premature failure caused by the flange local buckling, but the post-buckling strength for web is considered. Therefore, no design method can be applied for the I-section flexural members with slender flanges (e.g. Specimen I-890-2 and Specimen I-890-3). In ANSI/AISC 360-10, Eurocode 3, AS 4100-1998, and AIJ LSD2010, the design concept and process are similar to each other. Crosssections are classified on the basis of the plate widthto-thickness ratio in those specifications, in order to differentiate the extent to which the resistance capacity of cross-sections is limited by the local buckling behavior. Then, different design methods can be utilized according to the cross-section classification. Figure 8 illustrates the comparison of the ultimate moment between test results and design results. As it can be seen, the design results from Eurocode 3 gave adequate safety margins and agreed well with test results but the calculation process was more complicated. Moreover, ANSI/AISC 360-10 method resulted in overestimations for Specimen I-890-1 and Specimen I-890-2 both with non-compact sections, but underestimation for Specimen I-890-3 with slender section. GB 50017-2003 50017- , AS 4100-1998 , and AIJ LSD2010 provided conservative design results for all the specimens.
Rotation capacity
The member rotation capacity (or ductility) R can be used for the classification of cross-sections in different flexural behavior classes. The definition using fully plastic moment M p was adopted in this article, as shown in equation (7) R
where u p , as defined in equation (4), is hypothetical beam end rotation at which the moment first reaches M p , u m is end rotation when the moment reaches maximum moment M m , and u u is end rotation when the moment reaches M p after reaching M m . The values of R for Q460 specimens with the plastic moment developed are summarized in Table 6 . For a simply supported CSS beam with compact section and sufficiently braced, whose maximum moment can exceed plastic moment (M m . M p ), the rotation capacity of the CSS beam is generally higher than its HSS counterpart. In addition, the flexural overstrength (M m -M p ) is also higher for a CSS beam. These two different-level reductions for HSS beams are mainly due to the change of stress-strain characteristics. In terms of the rotation capacity of beams under uniform moment, the theoretical value can be identified according to the simplified curvature distributions, which are illustrated in Figure 9 , along with the associated moment diagrams and CSS and HSS stress-strain relationships. Because conventional strength steel (CCS) has an obvious yielding plateau, the strain jump from e y to e st results in a jump of curvature, ðs À 1Þf p , in the inelastic region. According to the curvature area method, the beam end rotation can be determined by the integration of the curvature diagram, that is, the area under the curvature diagram. The theoretical value of R for CSS and HSS can be calculated by equations (8) and (9), respectively
Due to the differences in material properties, the expected normalized moment-normalized rotation curves can be described in Figure 10 (a), assuming equal plastic rotation for both CSS and HSS beams with compact sections. This predicted relationship cannot be verified by the test results from this article, because only Specimen I-460-1 and Specimen I-460-2 reached plastic moment and Specimen I-890-1, Specimen I-890-2, and Specimen I-890-3 failed prematurely resulting from local buckling, as shown in Figure 10(b) . However, the test results from Lee et al. (2013) show consistent trend with the expected curves, which is demonstrated in Figure 10 (c).
Finite element analysis
FE modeling
Finite element analysis (FEA) was executed with the multi-purpose FE software ANSYS. The beam model was meshed using the 4-node finite strain shell element, SHELL181, with functions of linear eigenvalue buckling, nonlinear large strain buckling analysis, and input of initial stresses. According to the actual test configuration, four 20-mm-thick rigid backing plates established at the supports and loading positions were meshed by the 3D structural solid element, SOLID95, which was used to transfer the load and to relieve the stress concentration.
Typical FE model for specimen I-460-1 is shown in Figure 11 . The mesh density is determined by both efficiency and accuracy at not only global level but also local level. Local initial geometric imperfections and residual stresses were both considered in the FE modeling. The shape of the geometric imperfection was defined by the first eigenvalue buckling mode. The amplitude was defined according to the average experimentally measured values of imperfections for each specimen (see Table 4 ). Distribution of residual stress proposed by Ban et al. (2013) was employed in the FE models. Figure 11( b) shows the pattern and calculation formulas of residual stress of welded I-section.
Verification of FE model
To validate the FE modeling method discussed above, the test results from this article and references (Green et al., 2002; Lee et al., 2013; McDermott, 1969; Shokouhian and Shi, 2015) were compared with the FEA results. Verification for these test results was conducted based on the material properties, model dimensions, restraining configurations, initial geometric imperfections, residual stresses, and other available test data reported in the literature. Arc-length method was used to solve the problem with consideration of both material and geometric nonlinearities. The comparison between existing test results and FEA results in different groups was exhibited in Figure 12 A typical comparison of failure modes between the test in this article and the FEA is presented in Figure 13 . As it can be observed, the buckling mode shape in the FE model is similar to the test.
Based on the above comparisons, it can be concluded that the FE modeling approach was sufficiently accurate and reliable to investigate the local buckling behavior of welded I-section beams.
Parameter analysis
In the geometric parameter analysis, 120 I-section flexural members, made of three types of HSSs including Q460, Q690, and Q960, were investigated. The material parameters defined as nominal values are shown in Figure 14 according to the references .
All the specimens considered in the parameter analysis were subjected to uniform moment. Referred to practical engineering, the length of each specimen for parameter analysis was 3400 mm, with 1000 mm uniform bending zone and 1000 mm bending and shear Figure 10 . Effect of material properties on moment-rotation curves: (a) expected moment-rotation curves, (b) moment-rotation curves of specimens from this test, and (c) moment-rotation curves of specimens from Lee et al. (2013) . moment decreased in general with an increase of the generalized interactive local slenderness, and when l L equals to 1, the ultimate moment is close to M p . Moreover, for the section with the same plate widthto-thickness ratio, the normalized ultimate moment was lower when the steel nominal yielding strength was higher, which indicated that the utilization rate of the whole cross-section was relatively low for HSS flexural members.
The parametric analysis results, along with the test results from this article and references (Green et al., 2002; Lee et al., 2013; McDermott, 1969; Shokouhian and Shi, 2015) , were compared with the design results from ANSI/AISC 360-10 and Eurocode 3 in Figure 16 (a) and (b), respectively. It could be seen that all the design results were lower than the parametric analysis results, but these two codes gave unsafe design results for some tests conducted by Shokouhian and Shi (2015) . Generally, with a decrease of the normalized ultimate moment, the deviations between the FEA results, test results, and design results became larger, especially for ANSI/AISC 360-10, which would lead to strength waste.
Conclusion
In this article, flexural experiments were conducted on five full-scale I-section beams, two fabricated from Q460 HSS, and three from Q960 HSS, under uniform moment to investigate the local buckling behavior. The test results were further compared with the design results in accordance with various specifications, ANSI/AISC 360-10, Eurocode 3, AS 4100-1998 , AIJ LSD2010, and GB 50017-2003 . With the accurate simulation of geometric imperfections and residual stresses, FE models were developed and verified with the experimental results. A parametric analysis was carried out based on the validated modeling approach to study the effect of local slenderness ratios and steel nominal yielding strength. Based on this work, the following conclusions can be drawn:
1. Experimental results from HSS welded I-section beams showed that the local buckling stress s cr , the ultimate stress s u , and the stress ratio s cr / s u decreased with an increase of the width-tothickness ratios of plates, indicating that the utilization of steel plate kept decreasing but the post-buckling strength of specimens increasing. 2. Comparing the results of experiments with those estimated by different specifications, it was found that the classification in AIJ LSD2010 was more suitable for the HSS specimens. The design results from AS 4100-1998, AIJ LSD2010, and GB 50017-2003 appeared to be too conservative for all the specimens. Although Eurocode 3 provided the most safe and reasonable results, the design process was inconvenient. ANSI/AISC 360-10 gave unstable prediction. 3. Using a simplified curvature distribution for a steel beam with compact section and sufficient lateral support under uniform moment, theoretical values of rotation capacity were obtained. It was also shown that the rotation capacity and overstrength of HSS beams were generally lower than its CSS counterpart. 4. A new generalized interactive local slenderness l L was proposed to take the effect of both flange and web slenderness on local buckling behavior into consideration. It could be clearly seen that the normalized ultimate moment decreased in general with an increase of l L . 5. By comparing parametric analysis results and test results with the design results from ANSI/ AISC 360-10 and Eurocode 3, it could be found that these two guidances generally give conservative design results, and this underestimation would be more apparent for the more slender flexural members.
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